Enzymatic hydrolysis of microcrystalline cellulose in an oscillatory baffled reactor (OBR) and a parallel stirred tank (STR) were studied. In the proposed mechanistic model, saccharification of the intractable, crystalline portion of cellulose, E * Sx is important. Its rate, k3 (0.002), although much lower than k2 (9.05), the rate of product formation from the active E * Sc intermediate, makes appreciable contribution to the final glucose yield in the saccharification of cellulose. Shear deactivation of the cellulase is also considered in relation to average shear rate (ASR) in the reactor. At 200 Wm -3 ASR in the STR was twice that in the OBR (45:22.5 s -1 respectively). Correspondingly, 74% saccharification of cellulose was observed in the STR and 91% in the OBR after 168 h. The OBR has a more uniform shear field than the STR, hence, lower ASR even at the same power density as the STR. The OBR achieved the highest conversion at ~1/20 th the power input of the STR.
Introduction
Cellulose is the most abundant carbohydrate polymer in nature (Imai et al., 2004) , and probably the most abundant organic compound on earth (Mullings, 1985) . As a result it has evoked long-term interest as a potential source of plentiful food and energy (Al-Zuhair, 2008) . With the projected decline in petroleum reserves and the attendant global energy crises, cellulosic materials have been recognized as some of the most promising alternative resources to supply our chemical and energy needs (Huang & Chen, 1988; Vallander & Eriksson, 1990) . Cellulose is deceptively simple chemically: it is an insoluble polymer of β-1,4 linked glucose with amorphous and crystalline regions (Coward-Kelly et al., 2003; Mandels et al., 1976) . The enzymatic hydrolysis of cellulose is a complex reaction that depends on the synergistic action of several cellulases' activities, including endoglucanase (EC 3.2.1.4) which attacks β-1,4 bonds randomly within the cellulose chains, β-1,4-
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Material and Enzymes
SigmaCell ® Cellulose, Type 50, 50 µm was obtained from Sigma-Aldrich, St. Louis, MO, USA. Celluclast 1.5L and cellobiase were kindly supplied by Novozymes, Bagsvaerd, Denmark. The enzymes activities were 100 FPU/g and 250 CBU/g respectively (measurements described by the Commission on Biotechnology of International Union of Pure and Applied Chemistry (IUPAC) (Ghose, 1987) ).
Reactors
Oscillatory Baffled Reactor (OBR)
The OBR is a novel reactor in which an oscillatory motion is superimposed upon the net flow of the process fluid in a tube fitted with equally-spaced orifice baffles (Harvey et al., 2001) . The interaction of the oscillating fluid with the baffles generates short-lived vortices resulting in uniform mixing in each of the inter-baffle regions, as each behaves as a stirred tank reactor (Mackley et al., 1990; Ni et al., 2003) . The OBR design is described elsewhere (Ikwebe and Harvey, 2015) . The oscillatory Reynolds number and the power densities of the OBR were calculated using the following Equations 1 and 2.
Re  (Ni et al., 1995) (2) where ρ is the density of the fluid (kg m -3 ), f, the frequency of oscillation (s -1 ), D, the tube diameter (m), µ, the viscosity (m 2 s -1 ), Nb, is the number of baffles per unit length (m -1 ), α, the ratio of the effective baffle orifice area to the tube area, xo, is the oscillation amplitude (m), ω, the angular oscillation frequency (rad s -1 ) and CD, the orifice discharge coefficient (taken as 0.7) (Ni et al., 1995) .
Stirred Tank Reactor (STR)
The stirred tank used in this experiment was an Applikon Biotechnology autoclavable 2L Rushton turbine bioreactor with a power number (Po) of 6, impeller diameter (Ds) of 0.045 m and reactor vessel diameter (Dv) of 0.105 m. The Reynolds number of the STR (ReST) and the power densities (Wm -3 ) employed were calculated using the relations in Equations 3 and 4:   2 Re s ST ND  (Ni & Mackley, 1993) (Ni et al., 1995) (4) where ρ is the density of the fluid (kg m -3 ), N is the speed of the stirrer (rps), Ds is the diameter of the stirrer (m), µ is the is the viscosity of the fluid (Pa.s), Po is the power number of the stirrer, Dv is the diameter of the vessel (m), and L is the height of the vessel which is occupied by the liquid (m).
Enzymatic Hydrolysis of Cellulose
Saccharification was based on the NREL Laboratory Analytical Protocol (LAP-009): "Enzymatic Saccharification of Lignocellulosic Biomass" (Selig et al., 2008) . 250 mL sterile sodium acetate buffer (0.1 mL, pH 4.8) was added to 12.5g (2.5%) of sterile microcrystalline cellulose in the OBR. To ensure sterility 2 mL of 10 mg/mL sterile tetracycline (99%) in 70% ethanol and 1.5 mL of sterile 10 mg/mL cycloheximide were added. The amount of sterile distilled water needed to bring the total volume to 500 mL in OBR after the addition of the enzymes was calculated and added. 40 FPU g -1 cellulose was added to begin saccharification (FPU = Filter Paper Unit: 0.185 FPU is the quantity of enzyme activity that, when assayed according to the standard FPU method, produces reducing sugar equivalent to 2.0 mg of glucose). 10% β-glucosidase (250 CBU.g -1 cellobiose -CBU is the amount of enzyme that releases 2 µmol glucose per minute under standard conditions with cellobiose as substrate) was added to completely convert the cellobiose produced to glucose. Saccharification in the OBR was carried out at Oscillatory Reynold's numbers (Reo) of 392, 654, 980, 1143, 1405, 1699 and 1960 by varying the frequency of the oscillation and keeping the centreto-peak amplitude constant at 0.03 m. Samples were withdrawn at predetermined times using sterile syringes and needles, centrifuged and analyzed for reducing sugars by the DNS method. The results are compared to saccharification in the 2 L Rushton turbine STR at impeller speeds: 0, 50, 100, 150, 200, 250, 300 and 350 r.p.m.
Figures 1 and 2 below, represent a range of saccharification profiles in the OBR and STR. Qualitatively, the saccharification profiles were similar, with a clear trend of increasing conversion as power density increased. 91% conversion of the cellulose, representing ~25 g L -1 glucose was observed in the OBR at 200 Wm -3 after 168 h of saccharification, while 74% conversion (~21 g L -1 glucose) was observed in the STR, a difference of 17%. 69% (~19 g L -1 glucose) was observed in the OBR at 120 Wm -3 , within the first 24 h of saccharification and 88% conversion (24 g L -1 glucose) after 168 h. Within the same periods, the STR yielded 55% (15.3 g L -1 glucose) and 67% (~18.6 g L -1 glucose), differences of 14 and 21% respectively. 
Kinetics and Model Development
In the enzymatic hydrolysis of cellulose, it is important to take cognizance of factors affecting the rate of reaction. These include: the constantly changing quality of the cellulose, product inhibition due to accumulation of hydrolysis products, mechanical deactivation of the enzymes due to shear and increased mass transfer resistance after the degradation of surface cellulose (Al-Zuhair, 2008; Gan et al., 2003; Ganesh et al., 2000) .
The continuous deactivation of the cellulase enzymes by shear is considered in the model, but, unlike in Gan et al. (2003) , the deactivation is related to the mean strain rate in the reactor.
Like Gan et al. (2003) and Al-Zuhair (2008) the following assumptions were made for simplification:
1. The cellulase system of endoglucanase, cellobiohydrolase, and glycosidase is represented by E as the three enzymes work in synergy to completely degrade cellulose to a single product, P. 2. Due to the complex structure of native cellulose, it has been broken down into an easily hydrolysable region composed of exposed cellulose microfibrils (Sc) that is amorphous in nature and a more intractable, difficult to hydrolyze region (Sx) that is crystalline in nature. the reaction interface moves towards the inside of the substrate's solid structure. The quality of the reaction interface gradually decreases as the surface concentration of crystalline substrate increases and the accessibility of the reaction interface to enzyme molecules becomes more restricted due to increased internal diffusion resistance. 4. The hydrolysis products of cellobiose and glucose (P) inhibit the enzyme in a reversible and competitive manner, forming complex EP. 5. Enzyme deactivation by factors other than product inhibition is related to average strain (shear) rate.
Following the above assumptions, the enzymatic saccharification of cellulose is represented by the following mechanistic steps:
where kc1 and kc-1 are the primary rate constants for the reversible formation of active E * Sc intermediate, kx1 and kx-1 are the primary rate constants for the reversible formation of less productive E * Sx complex, kp1 and kp-1 are the rate constants for the reversible formation of enzymeproduct, EP complex and k2 and k3 represent the rate constants for product formation.
In Gan et al. (2003) and Al-Zuhair (2008) .
From the above mechanistic steps, the concentration of the reaction intermediates can be expressed thus:
The fractions of the crystalline, less active and the amorphous, active parts are defined by Equations 13 and 14 respectively (Al-Zuhair, 2008) .
where [St] represents the total cellulose surface concentration and  is the coefficient of the crystalline, less active cellulose similar to the substrate crystallinity index of Fan and Lee (1983) . This coefficient is assumed constant (Al-Zuhair, 2008) and is a measure of the quality of the cellulose (Gan et al., 2003) .
In this model the cellulose particles are assumed to have a cylindrical shape (Al-Zuhair, 2008; Gan et al., 2003) , with average diameter do, and length Lo. The initial surface concentration of the cellulose can thus be determined by Equation 15. The cellulosic mass within the particles shrinks with the progress of the reaction in such a way that, it exposes a new active and crystalline fraction as the hydrolysis proceeds inside the solid structure. These fresh layers adsorb free cellulase enzymes. Hence, the surface concentration, [St] of the cellulose is always changing as successive layers of cellulose are hydrolyzed. But, as  is assumed constant the ratio of the active and the less active, crystalline fractions in the exposed surface is always the same. where St is the mass concentration of cellulose and ρ is the density of the cellulose.
To account for the reduced accessibility of the newly exposed cellulose fraction in the course of the hydrolysis, Gan et al. (2003) introduced the parameter σ, the accessibility coefficient. This timedependent coefficient is similar to the substrate reactivity coefficient used by Philippidis et al. (1992) . The value of σ reduces with time from 1 to 0. Hence σ (0 < σ < 1) and is defined by Equation 16. 
The array of differential equations outlined above could be solved with the enzyme conservation equation expressed as;
…where ET is the initial total concentration of the enzyme at t = 0, and E denotes the concentration of the soluble enzyme without regard to its state of activity, which could be inactive due to deactivation by shear (Gan et al., 2003) , etc.
Shear stresses have been noted to cause undesirable deactivation of enzymes, thereby adversely affecting their biocatalytic activity (Cao & Tan, 2004; Gunjikar et al., 2001) . Consequently this alters the enzyme kinetics (Charm & Wong, 1981) . The extent of enzyme inactivation in a shear field has been described in relation to mass average shear, ψ which is a product of the shear rate,  and exposure time,  (Bowen & Gan, 1992; Charm & Wong, 1981) . In the numerical analyses of the differential equations, the following initial conditions were applied; At
Equations 10-22 represent a modified version of the mechanistic model delineating the reaction kinetics of a batch enzymatic saccharification of cellulose proposed by Gan et al. (2003) and Al-Zuhair (2008) . The major modifications were in Equation 8, the reaction equation for the irreversible formation of product from the more intractable, difficult to hydrolyze crystalline cellulose intermediate, E * Sx and Equation 11, the rate equation for the same reaction. These were ignored by Gan et al. (2003) and Al-Zuhair (2008) . In Equation 17 Gan et al. (2003) completely overlooked the reversible inhibition of the product, and although Al-Zuhair (2008) took that into account, k3 was ignored.
Model Validation
Current methods for the experimental determination of the rate constants particularly in aqueous environment are very limited, as they require prior isolation and drying of the substrate (Mansfield et al., 1999) . Hence, the rate constants have been adopted from the literature ( Table 1 ). The series of kinetic equations were modelled in MatLab. (Gan et al., 2003; Ryu & Lee, 1982) kc-1 0.05 (Fan & Lee, 1983; Howell, 1978) kx1 0.02 (Ryu & Lee, 1982) kx-1 0.002 (Ryu & Lee, 1982) k2 9.05 (Howell, 1978) Figure 1 , 80% of the cellulose representing the amorphous, easily digestible part was hydrolyzed within the first 24 h. The conversion afterwards became more gradual, as the more crystalline portion of the cellulose was digested. Electron micrographs (Ikwebe, 2012 ) support this observation. However, after 168 h 91% conversion of the material was observed, representing a further increase of 11% (which is significant). Szczodrak (1988) obtained around 80% saccharification within the first 24 h and 93% at the end of the saccharification of 2.5% pretreated wheat straw. Hari Krishna et al. (1998) also made similar observation with pretreated sugarcane leaves.
Effect of Shear
Shear stresses have been observed to cause undesirable deactivation of cellulases, thereby adversely affecting their biocatalytic activity. Although increasing the extent of agitation has been shown to reduce mass transfer resistances and improve saccharification yields, it also has an undesirable effect on the activity of cellulases. Figure 3 shows the effect of different levels of shear on the saccharification of cellulose at the same power density. There is a clear relationship between shear stress and the extent of cellulose hydrolysis. This had earlier being demonstrated by Ikwebe and Harvey (2015) . Although the model slightly underestimated the reducing sugar yields in the 22.5 s -1 ASR level (Average shear rate), it agrees well with the 45 s -1 ASR. In both cases there is a general agreement between the experiment and simulation results, especially in the initial phases of the reactions. However, as the ASR was increased to 70 s -1 (corresponding to 450 rpm) the model showed a significant drop in the saccharification yields and a significant reduction even in the initial rates as shown in the figure. This is contrary to the observation of Gan et al. (2003) that the reducing sugar yield is only modestly dependent on the agitation speed and that the absolute shear stress may not be sufficiently high enough to cause any significant damage to the enzyme. Although, deactivation was not measured directly in this work, but clearly, the enzyme activity seemed to have declined appreciably in this case. Another significant point to note in Fig. 3 , is the differential levels of saccharification in both reactors. For example, 91% conversion of the cellulose, representing ~25 g L -1 glucose was observed in the OBR at 200 Wm -3 after 168 h of saccharification, while 74% conversion (~21 g L -1 glucose) was observed in the STR, a difference of 17%. The significantly higher saccharification yields in the OBR were due to reduced shear in the mixing environment compared to the STR (Ikwebe and Harvey, 2015) . At 200 Wm -3 the ASR in the OBR was half the ASR in the STR (22.5 s -1 :45 s -1 ). It thus appears that the OBR is a more suitable reactor for saccharification given the higher yields and lower shear, and better suitable for biological systems. Wecker and Onken (1991) , and Gaidhani et al. (2003) had previously demonstrated the suitability of the OBR for biological systems. The effect of increasing the cellulose concentration can be clearly appreciated from the model plot in Figure 4 , below. It shows a significant reduction in saccharification rate with cellulose concentration of 5 and 10%. during the initial phases of the hydrolysis, although slightly overestimating the saccharification yield towards the end. This needs further investigation. The reducing sugar yields generally increased but the percentage saccharification were markedly lower. This could be as a result of reduced mixing efficiency observed as cellulose concentrations were increased. Tengborg et al. (2001) had earlier noted that mass transfer resistance increases as substrate concentration increases.
Effect of Substrate Concentration
It might be expected that increasing agitation could improve mass transfer in this case, but it must be ensured that a balance between increasing hydrolysis yields and reducing mechanical deactivation of the enzyme is maintained as seen above. Substrate inhibition is also likely to play an important role in this decline in yields (Mansfield et al., 1999) . Figure 5 shows the results of the simulation for all the reaction species. Clearly Sc declines throughout. This is probably due to the rapid degradation of the easily hydrolysable amorphous cellulose. Hence, the rate of formation of E*Sc was very high. However, the model also shows a very rapid breakdown of the E*Sc intermediate to release the product P. This is because k2 is very high and the E*Sc concentration remains at almost zero throughout the reaction except within the first few hours (< 5 h). In contrast, Sx diminishes more slowly, but the fact that E*Sx remains almost at zero throughout the reaction could signify that Sx may not be as inert as suggested by Gan et al. (2003) and Al-Zuhair (2008) . It may only be intractable as shown by the model. Hence, k3 is very low compared to k2 (k3 <<< k2), but it cannot and should not be discounted. Also, the transient nature of E*Sc and E*Sx is accompanied by the steady rise in the concentration of EP within 96 h but began to decline possibly as a result of shear inactivation of the enzyme with time as observed by Charm and Wong (1981) . Furthermore the degradation of Sc and Sx seemed to almost stall at this point. The model shows a profile yield for P (an initial rapid rise and a slower terminal phase similar to the ones observed in the experiment. The concentration of P after 168 h was 20 g L -1 , which, however, was less than 25 g L -1 observed in the OBR experiment and 21 g L -1 in the STR experiment at the same time.
Changes in Concentration of Intermediates
Conclusions
The kinetics show that k3, although low compared to k2, still makes appreciable contribution to the final glucose yield in the saccharification of cellulose. Agitation is beneficial to the rate of cellulose hydrolysis only up to some critical point. At this point, a diminishing effect on saccharification yield is observed due to increased shear. This is even more apparent in the STR than in the OBR as shear effect is a function of reactor configuration. The suitability of the OBR for cellulose saccharification is further demonstrated -a more uniform shear field than the STR, and hence, lower ASR even at the same power density as the STR. In fact, the OBR achieved the highest conversion achieved in the STR at ~1/20 th the power input.
